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Solar radiation resource data are the foundation of information for programs of large-scale deployment of solar energy technologies.
While the solar resource in Saudi Arabia and the Arabian Peninsula was believed to be signiﬁcant based on limited past data,
understanding the spatial and temporal variability requires signiﬁcantly more data and analysis in order to optimize planning and siting
solar energy power plants. This paper summarizes the analysis of the ﬁrst year of broadband solar resource measurements from a new
monitoring network in Saudi Arabia developed by the King Abdullah City for Atomic and Renewable Energy (K.A.CARE). The
analysis used twelve months (October 2013–September 2014) of data from 30 stations distributed across the country based on
one-minute measurements of Global Horizontal Irradiance (GHI), Diﬀuse Horizontal Irradiance (DHI), Direct Normal Irradiance
(DNI), and related meteorological parameters. Network design, implementation, and data quality assurance are described to document
the network extent and quality. For the 30 stations, the annual average daily GHI ranged from about 5700 Wh/m2 to 6700 Wh/m2 with
consistently higher values inland and lower values along the coasts. This indicates that photovoltaic technologies would perform well at
any location although extreme high temperatures (over 30 C annual average in some locations) may degrade the performance of some
types of photovoltaic technologies. Annual average daily DNI was much more variable across the stations, ranging from about
4400 Wh/m2 to over 7300 Wh/m2 with the highest values and clearest skies in the northwest part of the country. While most regions
have suﬃcient solar resources for concentrating solar technologies, the western inland sites with average daily totals of over
6474 Wh/m2 (average yearly totals of 2400 kW h/m2/year) are superior to the eastern sites with average daily totals closer to
5510 Wh/m2 (average yearly totals of 2000 kW h/m2/year). This ﬁrst year of data represents the beginning of a deeper understanding
of solar resource characteristics in Saudi Arabia and the Middle East. Although continued measurements are needed to understand
the interannual resource variability, the current study should have signiﬁcant applications for preliminary technology selection, power
plant modeling, and resource forecasting.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
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The Kingdom of Saudi Arabia estimates the country
will need vast energy resources in the coming decades for
electricity generation, desalination, and process heat to
meet the needs of a rapidly growing population and econ-
omy (EIA, 2014). In order to use petroleum for higher
value purposes and export, the Kingdom is planning a sus-
tainable energy mix that includes renewable energy based
on local resources. Based on an expected large solar
resource, solar energy has long been considered promising
in Saudi Arabia (Baras et al., 2012; Hepbasli and
Alsuhaibani, 2011). The King Abdullah City for Atomic
and Renewable Energy (K.A.CARE), as the lead Saudi
Arabia government agency for renewable energy, is devel-
oping the Renewable Resource Monitoring and Mapping
(RRMM) Solar Measurement Network in support of large
increases to the Kingdom’s solar generating capacity, mov-
ing toward a sustainable energy mix for the country. As of
2013, the total installed capacity of solar photovoltaic
capacity in Saudi Arabia reached 7 MW (Bryden et al.,
2013). New investment in renewable energy in the Middle
East and North Africa (MENA) region was estimated at
USD 9 Billion in 2013, representing an almost tripling of
investment compared to two years prior (McCrone et al.,
2014), making the region a small but rapidly growing mar-
ket. Several major solar Photovoltaic (PV) and
Concentrating Solar Power (CSP) plants were commis-
sioned in the MENA region during 2013 and 2014, in
Saudi Arabia along with Jordan, Kuwait, and the United
Arab Emirates, and several governments in the region have
launched tenders or signed purchase agreements (REN 21,
2014).
Whether globally, regionally, or locally in Saudi Arabia,
successful solar technology development and power project
implementation relies, in part, upon understanding the
available solar resource and its temporal, spatial, and spec-
tral characteristics. For project deployment, characteriza-
tion of the solar resource drives technology selection and
project design, and represents the largest source of uncer-
tainty in power project output estimates with implications
for ﬁnancing terms and returns on investments (Schnitzer
et al., 2012). Thus, accurate measurements of the solar
resource, along with environmental conditions such as
ambient air temperature and dust levels which aﬀect pro-
ject output, are critical to project deployment. Further, best
practices in solar resource measurement are
well-established, such as those documented by Sengupta
et al. (2015).
The current projects in Saudi Arabia have been
launched with very limited or outdated measured solar
resource data, relying instead on data estimated from
satellite-based observations of the atmosphere. While this
may be acceptable for the small-scale projects launched
so far, a major expansion as planned requires accurate
long-term ground-based resource data. With
ground-truthing from measured data, satellite-derivedmodel estimates of solar resources can oﬀer more accurate
spatial models of solar resources over a long-term time ser-
ies than either ground-based measurements or
satellite-derived estimates alone. Satellite-derived estimates
of solar irradiance are particularly in need of ground mea-
surements to improve performance in areas with complex
terrain, such as between urban and rural areas, coastal
and inland areas, and mountain and valley areas (Perez
et al., 2013).
This paper presents an analysis of the ﬁrst year of solar
resource data from a new ground-based monitoring net-
work in Saudi Arabia. The RRMM Solar Measurement
Network will be the most extensive and in-depth eﬀort in
the MENA region. The network operates in the context
of other established global and country-level monitoring
networks, such as the Baseline Surface Radiation
Network (BSRN) which incorporates 58 stations and has
operated since 1991 (McArthur et al., 2005). Existing major
country networks also inﬂuenced the network design, such
as the United States Department of Energy’s Atmospheric
Radiation Measurement (ARM) Program (Stokes and
Schwartz, 1994) and the Australia Bureau of
Meteorology solar monitoring program (Forgan, 1996).
More recent monitoring networks provide similar
country-level examples, such as those deployed in India,
South Africa, and United Arab Emirates (UAE)
(Blanksby et al., 2013; Kumar et al., 2014). Integration of
such ground-based data with satellite-based models can
provide a comprehensive and accurate characterization
(on the order of ±4% for annual GHI and ±7% to 8%
for annual DNI, globally) of solar resources (Eissa et al.,
2012; Hoyer-Klick et al., 2011; Alobaidi et al., 2014;
Cebecauer and Sˇu´ri, 2012). This characterization then pro-
vides input for solar resource planning tools, such as the
System Advisor Model (NREL, 2015) and PVSYST
(PVSYST, 2015), and facilitates policy, planning, research
and development, and project deployment.
For Saudi Arabia, up until 2013, only limited solar
resource data were available from a historic monitoring
network operated by King Abdulaziz City for Science
and Technology (Myers et al., 2002), along with some
university-collected data (e.g., El-Sebaii et al., 2010).
These critical data provided early insights on solar resource
levels, and supported satellite-based model validation, but
also illuminated the challenges of network operation in a
country with a land area over 2 million km2 that experi-
ences periods of signiﬁcant airborne dust and extreme heat.
Neither the satellite-based nor historic ground-based data
fully characterized the solar resource in Saudi Arabia, espe-
cially given the country’s regional climatic variations and
concern about the impact of elevated dust levels and ambi-
ent temperatures on system performance (Said et al., 2004;
Alnaser et al., 2004; Huraib et al., 1996; Stoﬀel et al., 2013).
A Saudi Arabia-wide monitoring network that began
deployment in January 2013 is ﬁlling this gap, designed
to provide publicly available data for three major purposes:
immediate data for project developers, data for solar
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development and validation. The monitoring network is
unique in the MENA region, providing more breadth
(number of stations) and depth (number of parameters)
than smaller scale monitoring programs in Qatar, UAE,
and Kuwait (Bachour and Perez-Astudillo, 2014; Eissa
et al., 2012; Hepbasli and Alsuhaibani, 2011; Al-Abbadi
et al., 2002; Al-Rasheedi et al., 2012. The network is also
unique within Saudi Arabia, providing a complementary
dataset to data from solar test ﬁelds at King Saud
University and King Abdullah University for Science and
Technology, for example).
The paper summarizes network design, implementation,
and data quality assurance, and includes a complete analy-
sis for the ﬁrst 12 months of data. It also highlights chal-
lenges and approaches for measurement networks with
applicability to the broader MENA region.
2. Data gathering and analysis methods
The data used in this paper is the ﬁrst full year of broad-
band solar resource measurements (Global Horizontal
Irradiance [GHI], Diﬀuse Horizontal Irradiance [DHI],
and Direct Normal Irradiance [DNI]) and associated atmo-
spheric data collected by a subset of the RRMM Solar
Measurement Network, a new ground-based monitoring
network in Saudi Arabia, accessed via the interactive,
web-accessible Saudi Arabia Renewable Resource Atlas
(K.A.CARE, 2015). Since this is a new network, this sec-
tion brieﬂy describes the network design and instrumenta-
tion, along with the standard data collection and quality
assurance procedures and the analysis methods for this
paper.
2.1. Network design and instrumentation
Multiple needs for accurate ground-based measure-
ments of solar radiation and relevant atmospheric parame-
ters formed the basis for the network design, to achieve the
following goals:
 Support immediate prospecting by potential solar
resource power project developers.
 Improve satellite-based solar resource assessment
models.
 Support the development of analysis tools for assessing
and predicting solar resource levels and technology per-
formance characteristics.
 Support atmospheric research into unique climate char-
acteristics of Saudi Arabia.
The network design and instrumentation were driven by
the needs for solar component data, their spatial and tem-
poral relationships, and the link to technologies that may
be deployed in Saudi Arabia. Solar radiation can be trans-
mitted, absorbed, or scattered by an intervening medium in
varying amounts depending on the wavelength over theapproximate range of 300–3000 nm. Complex interactions
of the Earth’s atmosphere with incoming solar radiation
result in three fundamental broadband components of
interest to solar energy conversion technologies (Stoﬀel
et al., 2010):
 Direct normal irradiance (DNI) – Direct (beam) radia-
tion available from a 5 ﬁeld of view across the solar
disk on a surface oriented normal to the sun’s position
in the sky. Measurements of DNI are made with a
pyrheliometer mounted in an automatic solar tracker.
This solar component is of particular interest to concen-
trating solar technologies such as Concentrating Solar
Power (CSP) and Concentrating Photovoltaic (CPV)
systems.
 Diﬀuse horizontal irradiance (DHI) – Scattered solar
radiation from the sky dome except from the solar disk
(i.e., not including DNI) on a horizontal surface.
Measurements of DHI are made with a shaded pyra-
nometer. Levels of DHI are generally lower under clear
(blue) sky conditions than under partly cloudy (white)
sky conditions. DHI data are helpful for estimating
the Plane-of-Array (POA) irradiance, automating data
quality assessments, and architectural daylighting design
applications.
 Global horizontal irradiance (GHI) – Total hemispheric
or geometric sum of the DNI and DHI components
available on a horizontal surface. GHI measurements
are made with an unshaded pyranometer. GHI data rep-
resent the amount of solar radiation incident on hori-
zontal ﬂat plate solar collectors, and can be used alone
or in conjunction with DNI, DHI, and albedo (reﬂected
ground irradiance) to estimate the solar radiation on
tilted ﬂat plate collectors.
These basic solar components are related to the solar
zenith angle (SZA) by Eq. (1):
GHI ¼ DNI cosðSZAÞ þDHI ð1Þ
Guided by an international K.A.CARE Advisory Group,
three basic instrument conﬁgurations, or Tiers, were estab-
lished for measurement stations in the new Network as
listed in Table 1.
A total of approximately 53 stations are planned for the
network, which is undergoing the ﬁnal phase of construc-
tion in 2015. The total number of stations, and composi-
tion and distribution by Tiers, was selected to meet the
network goals while optimizing cost-beneﬁt performance
and ease of installation and maintenance. Fig. 1 shows
the solar monitoring network design.
Station site selection required both a macro-scale siting
to scientiﬁcally identify the general area (within approxi-
mately 25 km) where a station is desired, and micro-scale
siting to identify speciﬁc plots of land or building rooftops
that meet requirements for infrastructure, security, and
solar access. The macro-scale station siting criteria for
Tier 1 and 2 stations focused primarily on capturing
Table 1
Station types and major equipment for Saudi solar resource network.
Station type Scientiﬁc objective Major equipment types
Tier 1 – Research
station
Provides radiation and meteorological measurements with the lowest levels of uncertainty for
establishing accurate site-speciﬁc solar resource baseline data for resource characterizations and model
validation studies
 Pyrheliometers
 Pyranometers
 Pyrgeometers
 Photometers
 Spectroradiometers
 Rotating shadowband
radiometers
 Sky Imagers
 Meteorological
sensors
Tier 2 – Mid-
Range station
Provides fundamental measurements for characterizing solar resource magnitude and variability at
multiple locations
 Rotating shadowband
radiometers
 Meteorological
sensors
Tier 3 – Simple
station
Provides basic measurements of solar radiation at multiple stations within a limited geographical area to
support studies of resource variability within likely areas of utility-scale power system deployments
 Rotating shadowband
radiometers
 Pyranometers
 Temperature sensors
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coastal-inland, and mountain-valley transition areas, and
also providing broad spatial coverage including areas with
high resource potential and population centers. For Tier 1
and 2 station siting, consideration was also given to
maintaining continuity with historic data at solar station
locations previously operated by King Abdulaziz City for
Science and Technology, especially for the 5 stations
deemed to have the highest quality measurements, to
support analyses of inter-annual variations of long-term
solar resources (Al-Abbadi et al., 2002). A very limited
set of Tier 3 station locations was identiﬁed, focused on
locations with a high likelihood of being acquired and
developed with a solar power plant, commensurate with
the objective of Tier 3 stations to capture the variability
of the solar resource within likely power plant locations.
The micro-scale siting of measurement stations focused
on identifying sites for which clear land ownership and site
security and equipment maintenance could be ensured.
Thus, most stations were sited at partner institutions (such
as universities, colleges, and government partners) that
were visited beforehand to ensure partner commitment,
adequate space for the station type, security, and solar
access (no obstructions year-round within 5 of the horizon
to the east and west, and no obstructions year-round
within 10 of the horizon to the north and south).
Leveraging existing infrastructure was a major consider-
ation for micro-scale siting, especially for Tier 1 (Research)
stations. Whereas Tier 2 (Mid-Range) stations have the
advantage of not requiring power or internet connection
at the site, Tier 1 stations require custom power and
communication infrastructure to be in place along with a
signiﬁcantly larger footprint. Siting stations on existing
building roofs was found to be the most eﬃcient option
to leverage existing support structures, and power andcommunication, as applicable. A memorandum of under-
standing was signed between each station host and
K.A.CARE clarifying rights and responsibilities, and paid
contractor staﬀ were identiﬁed in the vicinity of each sta-
tion to perform required maintenance in accordance with
training protocols, in coordination with station hosts.
Three Tier 2 pilot monitoring stations were installed
local to Riyadh to test the training, installation, and data
ﬂow processes, and to engage stakeholders early on in the
monitoring process. Stations were installed by trained
crews in accordance with speciﬁed layouts, written stan-
dards, and equipment manufacturers’ recommendations.
Then additional stations were constructed, beginning with
training installation sessions, and focused initially on the
self-suﬃcient Tier 2 (Mid-Range) stations with conﬁrmed
station hosts. Site commissioning reports were prepared
for all stations, and a majority of sites were ﬁeld validated
using measurement comparisons with reference
thermopile-based pyrheliometers and pyranometers under
clear-sky conditions.
The data for this paper comes from a subset of the Tier 1
(Research) and Tier 2 (Mid-Range) station locations, solely
utilizing data from rotating shadowband radiometers
(RSRs) and associated atmospheric measurements. Due
to their relative simplicity in installation and operation,
and proven ﬁeld performance (Vignola et al., 2012), RSR
were installed ﬁrst in the network buildout process at all
Tier 2 station locations with conﬁrmed hosts, and at a sub-
set of Tier 1 station locations to support ﬁeld comparisons
with higher accuracy thermopile instruments. RSRs are
powered by a single PV module and automatically transmit
data via cellular modem to a central data management sys-
tem. The RSR design—based on the use of LI-COR Model
LI-200 pyranometers—was selected because of the balance
it provides between ease of installation (typically
Fig. 1. Solar monitoring network design.
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and communicates via cellular modem), its reduced mainte-
nance requirements, and quality of data (Myers et al.,
2002). Table 2 shows details of the Tier 2 (Mid-Range)
instrumentation. As noted above, all data from Tier 1 loca-
tions used in this paper are solely from the RSR instru-
ments installed at those stations.
2.2. Station operation and maintenance
The proper operation and maintenance of solar resource
monitoring stations, along with documentation of these
practices, is critical for producing reliable solar resource
measurements. K.A.CARE follows a protocol such thatcleaning and maintenance are carried out twice weekly
for RSRs as per best practices developed by the U.S.
Department of Energy’s National Renewable Energy
Laboratory (Stoﬀel et al., 2010). Major tasks during clean-
ing and maintenance included cleaning all sensors and
checking leveling and connectivity. Instrument calibration
is planned to be conducted every two years as per manufac-
turer recommendations; the instruments will be sent to the
manufacturers to perform the calibration. No calibration
was required during the one-year study period of this
paper.
Station maintenance is a major factor in determining the
uncertainty of the solar resource data. The RRMM uncer-
tainty method—which is undergoing ﬁnal development—is
E. Zell et al. / Solar Energy 119 (2015) 422–438 427applied for each solar resource measurement to provide a
full characterization of the data. Deriving uncertainty for
instantaneous measurements follows the Guide to theTable 2
Tier 2 (Mid-Range) station instrumentation.
Instrument type Manufacturer – model
Rotating shadowband radiometer Irradiance – RSR2 with L
Anemometer/vane MetOne – 034B
Temperature/relative humidity probe Campbell Scientiﬁc – CS2
Barometer Setra 278
Fig. 2. Solar resou
Fig. 3. Distribution of solar monitoExpression of Uncertainty in Measurement (GUM)
method (BIPM, 2008). The uncertainty process includes
estimated errors arising from intervals between cleaningsMeasurement
I-200 Pyranometers GHI, DHI, and Computed DNI
Wind speed/direction
15 Air temperature and relative humidity
Pressure
rce data ﬂow.
ring stations used in the study.
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missing data (which mostly occurs during cleaning of sen-
sors), three component ﬂags from SERI QC (Maxwell
et al., 1993) as well as the nominal uncertainty of the
instruments. The nominal uncertainty utilized for the
RSR is ±5% (Vignola et al., 2012). The ﬁnal uncertainty
for aggregated data of greater time scales will be deter-
mined using an expanded U95 conﬁdence methodology
applied to the 1-min data points, including the additional
sources of possible error as described for the one-minute
data. Final uncertainty values using the completed method
will be the subject of a future paper.2.3. Data collection and quality assurance
Raw data from all solar monitoring stations were gath-
ered by the K.A.CARE Measurement and Instrumentation
Data Center (MIDC) for collection and storage, auto-
mated initial quality review, and display in near real time
(within a few seconds of a one-minute reading at the sta-
tion) to assist in quickly identifying oﬄine stations or prob-
lems with particular instruments. K.A.CARE opted for a
more robust data quality approach by installing a sec-
ondary pyranometer of the same make/model to provide
redundant measurements of GHI at all Tier 2 stations.
The redundancy of the sensors serves two major purposes:Table 3
Details on solar monitoring stations used in this study.
Site name Site abbrev
Aﬁf Technical Institute Aﬁf
Al Aﬂaaj Technical Institute Layla
Al Dawadmi College of Technology Al Dawad
Al Hanakiyah Technical Institute Al Hanaki
Al Qunfudhah Technical Institute Al Qunfud
Al Uyaynah Research Station Al Uyayna
Al Wajh Technical Institute Al Wajh
Duba Technical Institute Duba
Hafar Al Batin Technical College Hafar Al B
K.A.CARE Headquarter Building HQ Buildi
K.A.CARE City Site K.A.CARE
King Abdulaziz University (Osfan Campus) Osfan
King Abdulaziz University East Hada Alsham Campus Hada Al S
King Abdulaziz University Main Campus KAU Mai
King Abdullah University of Science and Technology KAUST
King Fahd University of Petroleum & Minerals KFUPM
King Faisal University Al Ahsa
Majmaah University Majmaah
Qassim University Qassim
Saline Water Conversion Corporation (Hagl) Hagl
Saline Water Conversion Corporation (Umluj) Umluj
Saline Water Desalination Research Institute Al Jubail
Salman bin Abdulaziz University Al Kharj
Shaqra University Shaqra
Sharurah Technical Institute Sharurah
Tabuk University Tabuk
Taif University Taif
Timaa Technical Institute Timaa
University of Dammam Dammam
Wadi Addawasir College of Technology Wadi AddThe ﬁrst purpose is that when the sensors are reading in
disagreement beyond expected uncertainties, one of the
sensors may have an issue, triggering an investigation
and appropriate corrective action. The second purpose is
that a portion of the assigned uncertainty is generated
by utilizing the redundant sensor via the 3 component test
mentioned in the previous section. Further post-processing
involved both manual and automated validation and qual-
ity assessment using NREL’s SERI QC procedures
(Maxwell et al., 1993). Data was quality-assured on a daily
basis, which involved visual inspection of all resource and
station operation data via graphs to ensure data is within
established limits and follows plausible patterns. The daily
schedule helps identify operational problems to minimize
the detrimental eﬀects of corrupted data. The automated
program SERI QC was also utilized to analyze the three
components of solar radiation, utilizing the secondary
redundant sensors, and view long-term trends and
parameter ratios. Short durations of data anomalies that
occurred during veriﬁed cleaning periods were ﬁlled with
values through interpolation or calculating a third solar
component from two others. Any remaining data gaps of
more than 1.5 h were ﬂagged as missing data. Aggregated
values were not calculated for periods where more
than 20% of measured data was missing (e.g., due to equip-
ment malfunction) for a given station and aggregation
period.iation Latitude Longitude Elevation (m)
23.92118 42.94815 1060
22.27948 46.73319 567
mi 24.5569 44.47411 955
yah 24.85577 40.536 873
hah 19.15197 41.08111 20
h 24.90689 46.39721 779
26.2561 36.443 21
27.34103 35.72295 45
atin 28.33202 45.95708 383
ng 24.70814 46.67896 668
City 24.52958 46.43635 895
21.89252 39.2539 119
ham 21.80117 39.72854 245
n 21.49604 39.24492 75
22.3065 39.10701 34
26.30355 50.14412 75
25.34616 49.5956 170
25.85891 45.41889 722
26.34668 43.76645 688
29.28997 34.93002 36
25.00411 37.27382 10
26.9042 49.76274 89
24.14717 47.26999 465
25.17279 45.14198 804
17.47586 47.08618 760
28.38287 36.48396 781
21.43278 40.49173 1518
27.61727 38.5252 844
Univ 26.39519 50.18898 28
awasir 20.43008 44.89433 671
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gated to diﬀerent temporal resolutions, it was then made
available for analyses such as this one, and also made avail-
able to the public through an online interactive portal
(K.A.CARE, 2015). On this portal, temporally aggregated
(monthly and coarser) data are provided for free, and high
resolution data (daily and ﬁner) require payment of a fee.
Fig. 2 depicts the ﬂow of solar resource data from collec-
tion to dissemination.2.4. Data analysis methods
The data used in this study are the GHI, DNI, DHI, and
ambient air temperature data from the network’s ﬁrst 30
installed RSRs covering the period from October 1, 2013
until September 30, 2014. Monthly, daily, and hourly aver-
age data were obtained primarily from the Renewable
Resource Atlas of Saudi Arabia (K.A.CARE, 2015).
Data from 23 of the stations were serially complete, andTable 4
Summary of solar irradiance components over 1-year study period.
Region Station host
abbreviation
Average daily
total GHI
(Wh/m2)
Average daily
total DNI
(Wh/m2)
A
t
(
Central Aﬁf 6382 6096 2
Layla 6482 5889 2
Al Dawadmi 6374 6000 2
Al Uyaynah 6255 5859 2
HQ Building 6172 5664 2
K.A.CARE City 6352 6067 2
Majmaah 6137 5728 2
Qassim 6154 5854 2
Al Kharj 6072 5473 2
Shaqra 6232 5832 2
Central average 6261 5846 2
Eastern Hafar Al Batin 5919 5673 2
KFUPM 5782 5409 2
Al Ahsa 6083 5480 2
Al Jubail 5753 5464 2
Dammam Univ 5831 5522 2
Eastern average 5874 5510 2
Southern Sharurah 6735 6447 2
Wadi Addawasir 6559 5946 2
Southern average 6647 6196 2
Western Coastal Al Qunfudhah 5832 4419 2
Al Wajh 6154 6936 1
Duba 6135 7170 1
Osfan 5957 5281 2
Hada Al Sham 6007 5306 2
KAU Main 5924 5142 2
KAUST 5962 5399 2
Hagl 6019 7004 1
Umluj 6099 6524 1
Western Coastal average 6010 5909 2
Western Inland Al Hanakiyah 6225 6292 2
Tabuk 6324 7372 1
Taif 6352 6324 2
Timaa 6316 7108 1
Western Inland average 6304 6774 1for the other 7 stations there were no more than 6 days
of missing data. The quality of the data from these stations
was reviewed to ensure it was within acceptable limits, and
to check for unusually high errors, corrupted data, or
excessive missing data.
The distribution of the 30 stations included in the study
is depicted in Fig. 3. Table 3 lists the latitude, longitude,
and elevation of each station.
The data were analyzed to determine trends and pat-
terns by station and region. The average daily total radia-
tion (energy, in Wh/m2) was calculated for GHI, DNI, and
DHI, to assess the overall magnitude of the solar resource
at each site and within each region. The dates and values of
maximum and minimum daily total radiation (GHI, DNI,
and DHI), along with the standard deviation of average
daily total GHI and DNI, were analyzed to identify
resource variability and temporal patterns.
Ratios between solar components were also calculated
to characterize clearness—a function of scattering orverage daily
otal DHI
Wh/m2)
Maximum daily
total GHI
(Wh/m2)
Maximum daily
total DNI
(Wh/m2)
Maximum daily
total DHI
(Wh/m2)
297 8704 10104 5655
458 8465 9301 5591
331 8697 10385 5715
287 8812 10342 5996
301 8650 9664 5660
253 8738 10262 5844
294 8752 10365 5429
249 8652 10268 4747
349 8213 9201 5631
326 8569 10069 5765
315 8626 9996 5568
193 8599 10382 5203
113 8374 10079 5334
369 8417 9694 5520
078 8428 9932 5117
099 8416 10135 5429
170 8461 10049 5240
301 8431 10498 5534
473 8501 9168 5222
387 8466 9833 5378
644 7720 8192 4739
642 8367 10296 4239
526 8458 10663 4513
302 8084 9481 4594
297 8349 9852 4629
329 8066 9327 5107
229 8151 9597 4758
530 8697 11147 5005
787 8324 10167 4599
032 8246 9858 4687
048 8644 10994 4920
611 8850 11269 4981
076 8565 11102 4994
731 8864 10832 4582
867 8731 11049 4869
430 E. Zell et al. / Solar Energy 119 (2015) 422–438absorption by the atmosphere, which can be an indication
of resource quality for various conversion technologies.
Speciﬁcally, the monthly mean daily ratio of DHI to
GHI was calculated as a simple metric of the direct normal
atmospheric attenuation for each station, by month – a
surrogate of sorts for atmospheric optical depth. Larger
values of the Diﬀuse Fraction (DHI/GHI) are indicative
of increased cloud amounts and/or higher aerosol loading
during the averaging period (Vignola et al., 2012).
Stakeholders could use this ratio as the basis for ranking
the “clearest” sites.
The cleaning and maintenance records for each station
were also analyzed to assess overall data quality levels,
and adherence to the prescribed maintenance performance
schedule. Finally, due to the implications for PV system
output and operating conditions for instrumentation, the
average monthly temperature and maximum monthly tem-
peratures were calculated for each station and region to be
used as a general guide for users interested in comparative
temperatures among sites.
Where possible, calculations and graphics were obtained
directly from the Renewable Resource Atlas to leverage its
utility in supporting such analysis. Additional required cal-
culations were performed using R and Excel, and geospa-
tial data was handled using QGIS.Fig. 4b. Solar irradiance summary by region (Oct 1, 2013–Sept 30, 2014).3. Results and discussion
The analysis includes assessment of the daily solar irra-
diation data from each measurement location, an evalua-
tion of clearness, and ﬁndings from other parameters.Fig. 4a. Solar irradiance summary by s3.1. Summaries by station and region (DNI, DHI and GHI)
The ﬁrst analysis was to review the average daily totals
of GHI, DNI, and DHI across the 1-year study period to
understand patterns by station, region, and month. As
shown in Table 4, in order to identify regional patterns,
the stations were loosely grouped based on geography, with
the large number of stations in the West further subdivided
to distinguish coastal from inland stations.
The plots in Fig. 4a show the average daily total irradi-
ance results by station and region for all three solar compo-
nents. Note that the number of stations within each region
varies, with the Southern Region having the fewest stations
(two) and the Central Region having the most stations
(ten). Fig. 5 shows the extent of intra-annual variability
of the mean daily radiation within the Network withtation (Oct 1, 2013–Sept 30, 2014).
Fig. 5. Coeﬃcient of variation (as percent) of average daily total GHI and DNI by station (Oct 1, 2013–Sept 30, 2014).
Fig. 6. Distribution of average daily GHI values by station.
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Fig. 7. Distribution of average daily DNI values by station.
432 E. Zell et al. / Solar Energy 119 (2015) 422–438respect to the annual mean values based on the coeﬃcient
of variation (COV)
%COV ¼ ðSTD=MEANÞ  100 ð2Þ
where,
STD = Standard Deviation of GHI or DNI [Wh/m2]
MEAN =Mean value of GHI or DNI [Wh/m2]
(See Supplemental Online Material for summaries of
each solar component by month for all stations).Fig. 8a. Monthly mean daily raBased on the ﬁrst year of measurements, the %COV of
the annual mean daily total irradiances summarized in
Fig. 5 indicate the network-averaged DNI varies nearly
50% more than GHI. Signiﬁcantly larger DNI variability
is expected because of the eﬀects of high aerosol loading
and clouds on the direct beam. These daily total variability
statistics can be useful for understanding the impact of a
variable resource on the output consistency of ﬂat plate
PV and concentrating solar systems.tio of DHI/GHI by station.
Fig. 8b. Regional averages of monthly mean daily ratio of DHI/GHI by
station.
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average daily total GHI over the study period shows a vari-
ation of almost 800 Wh/m2 among regions, with meanFig. 9. High humidity levels at Al Qunfudah compared to other stations in th
provided by K.A.CARE Online Renewable Resource Atlas).
Fig. 10. Station compliance wdaily total values in the eastern region being the lowest
(regional average of 5874 Wh/m2) and mean daily total val-
ues in the southern region being the highest (regional aver-
age of 6647 Wh/m2). This relatively small range of values
indicates consistency of GHI throughout the country, with
inland stations generally having slightly higher average
daily totals than their coastal counterparts, likely linked
to increased cloudiness and water vapor in many coastal
areas. The high average daily total GHI values at southern
region stations can be traced to consistency throughout the
year (never dropping below a daily total of 2841 Wh/m2)
rather than high peak values, since stations in other regions
actually showed higher peak average daily total values. The
highest average daily total GHI value recorded was
8864 Wh/m2 on 26 May 2014, at Timaa in the Western
Inland region (the region which reported the highest max-
imum daily total GHI values followed closely by thee region are likely linked to Al Qunfudah’s very high DHI/GHI ratio (as
ith maintenance schedule.
434 E. Zell et al. / Solar Energy 119 (2015) 422–438Central region). The average daily total GHI of most sta-
tions peaked in June, but peaked as early as April 30 and
as late as July 21 at certain stations. The map in Fig. 6 illus-
trates the geographic distribution of average daily total
GHI.
The variability of average daily total DNI over the study
period among stations is relatively high, with a variation of
3000 Wh/m2. This variability can be attributed to diﬀerent
levels of clouds, humidity, dust, and pollution (and possi-
bly fog, sea salt particles, etc.). The stations in the north-
western portion of Saudi Arabia (northern end of the
Western Coastal and Western Inland regions), at Hagl,
Umluj, Duba, Al Wajh, Timaa, and Tabuk, have the high-
est average daily total DNI, all above 6500 Wh/m2 (and up
to 7372 Wh/m2 average daily total DNI at Tabuk). These
high values are likely linked to the clear sky days (few
clouds and little dust) often experienced in the northwest-
ern portion of the country. These stations are primarily
but not exclusively in coastal areas, with Tabuk being
approximately 125 km inland. Peak individual daily total
DNI values were also recorded in the Western region, with
values above 11,000 Wh/m2 at Hagl on the northwest
coast, and farther inland at Tabuk and Taif (the highest
station in the study, at 1518 m). The average daily total
DNI of most stations peaked in March through June, but
peaked as early as February at some Central RegionFig. 11. Annual averagestations and tended to peak later at Western stations.
The earlier peak of DNI in the Central Region is likely
linked to dust storms in this region which increase in spring
and summer, reducing DNI during this period.
The lowest average daily total DNI values over the
study period were also generally seen in coastal areas (far-
ther south on west coast, and along the east coast), includ-
ing Al Jubail, Dammam, Al Qunfudah, Jeddah, Thuwal,
Osfan, and Hada Al Sham. Clouds, high humidity, air pol-
lution, dust, and potentially fog likely contribute to lower
average DNI values in these areas. Two additional stations
of note for their average DNI values being on the order of
5–10% lower than nearby stations in less-populated areas
are the K.A.CARE Headquarters and Al Kharj stations.
These stations are in highly urbanized and industrialized
(respectively) areas of Riyadh (Central Region), likely tied
to localized air pollution eﬀects. The map in Fig. 7 illus-
trates the geographic distribution of average daily total
DNI.
The variability of average daily total DHI over the study
period among stations is 1100 Wh/m2, also tied to the fac-
tors inﬂuencing DNI. As expected, the DHI generally
forms a pattern opposite to the DNI pattern, such that
the stations and regions with higher DNI values have lower
DHI values due to less atmospheric scattering of the radi-
ation. Several stations in the northwest show the loweststation temperature.
Table 5
Air temperatures by station.
Site
abbreviation
Annual average
temperature (C)
Maximum daily average
temperature (C)
Central region
Aﬁf 25.7 36.3
Al Dawadmi 25.5 36.8
Al Kharj 27.1 39.1
Layla 28.5 39.9
Majmaah 25.2 37.3
Qassim 26.3 39.5
K.A.CARE
City
26.4 37.8
HQ Building 28.3 40.4
Al Uyaynah 25.9 38.0
Shaqra 26.2 38.1
Eastern region
Al Ahsa 28.3 41.0
Al Jubail 26.3 38.3
KFUPM 27.5 40.2
Dammam
Univ
27.2 39.8
Hafar Al
Batin
26.2 41.0
Southern region
Sharurah 28.9 38.0
Wadi
Addawasir
28.0 38.3
Western Coastal region
Al Qunfudhah 29.8
34.9
Al Wajh 25.9 33.3
Duba 27.5 38.3
Hada Al
Sham
30.7 40.2
Hagl 25.2 33.8
KAU Main 30.7 37.6
Osfan 29.7 37.4
KAUST 28.2 34.0
Umluj 27.7 36.0
Western Inland region
Al Hanakiyah 27.5
39.1
Tabuk 23.2 35.5
Taif 23.8 32.0
Timaa 23.9 36.9
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values, in addition to occurring in the regions with low
DNI as noted above, the Central and Southern Regions
also have comparable, relatively high DHI values, likely
linked to dust in these dry environments. (Note: Optically
thin cirrus clouds can also contribute to high DHI values.)
In fact, the highest individual daily total DHI
(5996 Wh/m2) was recorded at the Al Uyaynah station out-
side of Riyadh (Central Region) on 14 July 2014 on a
cloudless day with apparently high atmospheric dust
loading.
3.2. Clearness analysis
Comparisons of the mean daily values of diﬀuse (DHI)
and global (GHI) are indicative of the scattering of direct
(DNI) radiation due to clouds, aerosols and other atmo-
spheric constituents (Vignola et al., 2012). Figs. 8a and
8b show the monthly mean daily ratio of DHI/GHI, also
called the diﬀuse fraction, by station and region. (See
Supplemental Online Material for summaries of
DHI/GHI by month for all stations). The values range
from 0.25 to 0.45, with the majority falling between 0.35
and 0.40. The lowest values are in the northwest portion
of the country, consistent with ﬁndings for low DHI and
high GHI already discussed. The outlier on the high end
(ratio of .045 for Al Qunfudah, in the southern end of
the Western Coastal region) indicates a very low relative
level of clearness, which is conﬁrmed by the low average
daily total DNI in Al Qunfudah shown in Fig. 6 relative
to the rest of the network. The coastal station at Al
Qunfudhah is among the lowest elevations (20 m) in the
network, and high humidity levels are recorded here (aver-
age relative humidity of 70%) compared to the nearest sta-
tions, as shown in Fig. 9.
3.3. Station maintenance
Station maintenance and cleaning was prescribed to be
carried out twice per week for the RSRs on a set schedule,
where the periods between cleanings alternate between two
or three days. Using such a schedule, an average of 2.5 days
between cleanings is the overall target for RSR mainte-
nance. The twice weekly cleanings are a conservative inter-
pretation of experience gained from network operations in
the United States. Further study of local conditions and
Saudi Arabia’s climate may help determine a more optimal
schedule for each station. Fig. 10 shows the adherence to
this target for each station. Of the 30 stations in this study,
23 did not meet the target standard, although they were not
far oﬀ, with the worst having an average of 3 days between
cleanings. This can be attributed to three factors: (1)
Holiday periods when many host institutions are gated
and access to the equipment was not possible, (2) station
startup procedures where the logistics of maintenance per-
sonnel, station access, and ﬁnal training were still being
resolved, and (3) occasional lapses in the maintenanceschedule due to weather, technician illness, scheduling, or
unusual access problems. The remaining seven stations that
met or surpassed the target average are locations where
Tier 1 equipment was later installed, and the RSR was
cleaned for a portion of the year according to the Tier 1
maintenance schedule of ﬁve days per week.3.4. Additional parameters
The annual average (24-h) temperature recorded at each
station during the study period is show in Fig. 11. Table 5
lists the annual average temperatures along with the maxi-
mum average daily temperature at each station, also based
on 24 h of data each day. Note that the data presented in
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using 24-h of data, but that system performance models
generally require hourly readings, which are available as
a data set from the Renewable Resource Atlas of Saudi
Arabia. Annual average temperatures range from 23 C
to 25 C at the higher elevation inland stations and north-
western coastal stations, to annual average temperatures as
high as 28–30 C at many stations throughout the rest of
the country. Annual average temperatures in many inland
stations are moderated by lower winter temperatures,
despite high peaks in the summers. The highest annual
average temperatures were recorded in Jeddah, a major city
in the Western Region. Several inland Eastern Region sta-
tions recorded the highest individual daily average temper-
ature, at 41 C. The highest individual hourly average
temperature during the study period was 48.8 C recorded
at Al Ahsa (Eastern Region).
4. Conclusions
K.A.CARE has designed, implemented, and maintains
the RRMM Solar Measurement Network, a new network
of solar measurement stations to meet their objective of
deploying a signiﬁcant capacity of solar energy technolo-
gies in Saudi Arabia. This resource monitoring network
has been speciﬁcally designed to meet the objective of
improving available data and models of solar resources in
Saudi Arabia to support power project developers,
researchers, and policy decision makers. To that end, the
network has used the latest equipment and protocols for
operations and maintenance, and tiered the station capabil-
ities as appropriate to achieve spatial coverage and suﬃ-
cient maintenance in remote locations.
This paper summarizes the ﬁrst year of data from 30 sta-
tions across Saudi Arabia, producing several key ﬁndings
about both the solar resource characteristics and the net-
work design and operations. GHI values are high at all
locations in the country with relatively low variability.
This indicates that GHI values are well-suited for strong
photovoltaic (PV) technology performance at any location
with relatively low levelized cost of electricity. However,
extreme high temperatures (over 30 C annual average in
some locations) may degrade the performance of some
types of photovoltaic technologies, and dust settling requir-
ing frequent panel cleaning is possible in some areas and
seasons, so other environmental parameters should be a
key consideration in siting PV plants.
DNI levels were more spatially variable due to a combi-
nation of dust, clouds, and pollution, and are closely linked
to the average direct normal atmospheric attenuation cal-
culated for each station (DHI/GHI ratio). The northwest
region of Saudi Arabia had higher DNI values and clearer
skies. While most regions exceed the generally accepted
minimum yearly total of 1800 kW h/m2/year threshold
for concentrating solar technologies (daily total of
4960 Wh/m2), the western inland sites with over
6774 Wh/m2 (yearly total of 2473 kW h/m2/year) aresuperior to the eastern sites with daily totals closer to
5510 Wh/m2 (yearly total of 2011 kW h/m2/year)
(Mu¨ller-Steinhagen and Trieb, 2004). While resource levels
should be a key factor, especially for the early deploy-
ments, population centers that are located throughout the
central part of the country will be important to consider
for utility-scale concentrating solar technology
deployment.
Preliminary analysis such as presented in this paper can
have a strong inﬂuence on decisions such as technology
selection and location of solar power plants. The types,
quality, and quantity (temporal and spatial resolutions)
of the network are suited for providing adequate solar
resource information for the deployment of utility-scale
solar electric generation systems. However, it should be
noted that one year of data is insuﬃcient to understand
interannual variability of solar resources. Continued oper-
ation of the network over multiple years is needed to
assemble a data period of record suitable for establishing
long-term resource climatologies. Similarly, assessment of
solar resources for a location not represented by the net-
work of stations would likely require additional monitor-
ing for establishing bankable data.
This paper represents only a fraction of analysis that can
be done with this dataset and of other research on solar
resources in the Arabian Peninsula. As the next stage,
detailed analysis could be done at each station location
combined with local knowledge and other environmental
datasets, and comparison could be made to other solar
resource assessments in the region. Also, the Clearness
Index could be calculated for each station, to further iden-
tify seasonal and regional patterns. In addition, the rich
datasets from the Tier 1 stations could provide a wealth
of insights, such as the eﬀect of dust on the irradiance or
the reliability of solar and meteorological equipment.
More broadly, these data can be compared with and incor-
porated into existing and new satellite-based models to
improve estimation of resource at all locations. The full
implementation of the network design will bring online
more broadband and spectral irradiance data needed to
further validate satellite-based models and support forecast
development. In addition, the near-real time collection of
solar resource data will be very valuable for creating and
validating solar resource forecasts to support utility scale
plant operation and electric grid integration of
solar-based power generation.
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